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Sensing hydrocarbons with interband cascade
lasers and substrate-integrated hollow waveguides
Igor José Gomes da Silva,a,b Erhan Tütüncü,b Markus Nägele,c Peter Fuchs,d
Marc Fischer,d Ivo M. Raimundo, Jra and Boris Mizaikoff*b
Tunable diode laser absorption spectroscopy (TDLAS) is an excellent analytical technique for gas sensing
applications. In situ sensing of relevant hydrocarbon gases is of substantial interest for a variety of in-field
scenarios including environmental monitoring and process analysis, ideally providing accurate, molecule
specific, and rapid information with minimal sampling requirements. Substrate-integrated hollow wave-
guides (iHWGs) have demonstrated superior properties for gas sensing applications owing to minimal
sample volumes required while simultaneously serving as efficient photon conduits. Interband cascade
lasers (ICLs) are recently emerging as mid-infrared light sources operating at room temperature, with low
power consumption, and providing excellent potential for integration. Thereby, portable and handheld
mid-infrared sensing devices are facilitated. Methane (CH4) is among the most frequently occurring, and
thus, highly relevant hydrocarbons requiring in situ emission monitoring by taking advantage of its distinct
molecular absorption around 3 µm. Here, an efficient combination of iHWGs with ICLs is presented pro-
viding a methane sensor calibrated in the range of 100 to 2000 ppmv with a limit of detection at 38 ppmv
at the current stage of development. Furthermore, a measurement precision of 0.62 ppbv during only 1 s
of averaging time has been demonstrated, thereby rendering this sensor concept useful for in-line and
on-site emission monitoring and process control applications.
Introduction
Atmospheric methane (CH4) is an important anthropogenic
greenhouse gas next to carbon dioxide and water, and plays an
important role in tropospheric chemistry, as well as strato-
spheric ozone chemistry. Atmospheric methane is a colorless
and odorless gas widely distributed in nature, therefore fre-
quently occurring as a mixture of both natural (e.g., from wet-
lands, sea surfaces, etc.) and anthropogenic sources (e.g.,
agriculture, fossil fuel drilling and mining, shale gas mining,
etc.). While continuously assessing the global and seasonal
distribution of CH4 over extended time periods may facilitate
narrowing down the location of major emission sources, pin-
pointing and identification of the type of source are exceed-
ingly difficult.1,2
The main health hazard associated with methane gas
results from its combustibility, as mixtures of 5 to 15%
methane in air are highly explosive. Moreover, high concen-
trations of methane in confined areas may lead to asphyxia
resulting from a decrease in available oxygen. Potential effects
of oxygen deficiency are headaches, nausea, dizziness, and
unconsciousness.1,3
Considering currently available data, methane does not
appear to have any long-term or chronic health effects. While
the National Institute for Occupational Safety and Health does
not list any effects of long-term or repeated exposure to
methane, it clearly states that no information on its potential
to cause cancer or birth defects is available. Likewise, no Occu-
pational Safety and Health Administration (OSHA) standards
or regulations are listed regarding methane exposure.
However, extended research may be needed to understand any
long-term effects of methane exposure in depth, in particular
since an increase in methane release e.g., via mining of gas-
containing mineral shales near populated areas is anticipated.3
Optical methods based on infrared laser spectroscopy are
suitable analytical platforms for direct methane sensing,4–9 as
they usually do not require extensive gas sample pretreatment
unlike conventional methods such as mass spectrometry or
gas chromatography. In addition, optical methods provide fast
response times, on-line and in-line measurement capabilities,
and facilitate remote sensing.10
Consequently, spectroscopic and optical sensing schemes
are progressively more applied for industrial process control,
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monitoring of health-relevant or safety-relevant gas concen-
trations in workplace scenarios, and in environmental and
atmospheric gas tracing just to name a few. Among these tech-
niques, tunable diode laser absorption spectroscopy (TDLAS)
is increasingly adopted for such applications.10
Compared to other sensing techniques, TDLAS is a particu-
larly robust method providing accurate and reliable analytical
results. In particular, using single-mode semiconductor laser
light sources, which can be tuned – by current or temperature
– to the desired absorption line, gaseous species may nowa-
days be selectively sensed in or close to real time at sensi-
tivities reaching parts-per-million (ppmv) to parts-per-trillion
(pptv) concentration levels. Hence, the prolific nature of this
research field is immediately evident.11
Major improvements in selectivity during TDLAS measure-
ment – and in particular for sensing hydrocarbons – rely on
addressing particularly pronounced absorption bands associ-
ated with the constituents of interest. For most industrially
and environmentally relevant species, these signatures are
most distinctive and discriminative in the mid-infrared (MIR)
wavelength band (i.e., 3–15 µm). In this spectral regime, the
absorption intensities are orders of magnitude higher com-
pared to the near-infrared (NIR) and other potentially useful
spectral regions.12 Likewise, the most pronounced absorptions
of methane similar to carbon dioxide, nitric oxide, water, and
other hydrocarbons are located in the MIR window.13,14
However, efficient TDLAS sensing schemes require single-
mode laser sources emitting in continuous wave (CW) oper-
ation in the 3–15 µm spectral range at reasonable power con-
sumption and optical output power, and at ambient
temperature. In particular, owing to the lack of suitable laser
diodes in the 3–6 µm regime for sensing hydrocarbons this
wavelength range was referred to as the ‘gap in spectroscopic
gas sensing’.15,16
With the advent of compact MIR laser light sources includ-
ing quantum cascade lasers (QCLs), and – more recently –
interband cascade lasers (ICLs), the development of an
advanced generation of optical gas sensing devices combining
the advantages of TDLAS with the discriminatory and pro-
nounced molecular signatures in the MIR has been realised.17
Combined with innovative waveguide technologies such as
substrate-integrated hollow waveguides (iHWGs) providing
light-guiding channels integrated into a solid-state substrate
while simultaneously acting as a highly miniaturized gas
absorption cell, superior performance for a wide range of gas
sensing scenarios may be anticipated.18
Methane (CH4) is among the most relevant gases for in situ
emission monitoring applications providing a distinct absorp-
tion signature at 3.368–3.370 µm. While in this wavelength
regime nowadays both QCLs and ICLs are available, the
superior thermal characteristics, the low power consumption,
and the high level of integration favor ICLs for portable and
handheld hydrocarbon sensing devices.19–21
In this study, we present first quantitative measurements of
methane performed via the combination of a distributed feed-
back (DFB) ICL with an iHWG establishing the prototype of a
methane sensor useful for emission monitoring and process
control applications.
Experimental
Methane absorption in the mid-infrared
The strongest discriminatory absorption lines of methane are
located in the rotational–vibrational band ranging from 3.1 to
3.5 µm. More specifically, ICLs available to this study provided
spectral access to the region 3.363–3.370 µm. The calculated
absorbance for 100 ppmv methane under atmospheric con-
ditions (i.e., 1013 hPa, 296 K) is shown in Fig. 1 using the
HITRAN database.21
Distributed feedback interband cascade laser
The DFB-ICL used in this study utilizes lateral metal gratings
ensuring DFB behavior, and was fabricated via type-II
W-shaped semiconductor quantum wells (QW).22 The gratings
with dimensions on the order of 100 nm were defined next to
the sidewalls of the etched ridge waveguide structure via elec-
tron beam lithography. The feedback structures were then pat-
terned by metal evaporation, thereby resulting in the desired
DFB-ICL devices.16 The laser emission is centered at around
3.366 µm, and exhibits a spectral line width <10 MHz with a
side-mode suppression ratio exceeding 32 dB.
The operating parameters of this DFB-ICL comprise a
current of 35 mA, a voltage of 3.8 V, and an operation tempera-
ture of 25 °C. Similar to lasers based on ternary and quatern-
ary semiconductors, the spectral emission of such devices
depends on the operating temperature and the applied
current. Consequently, for additional wavelength tuning via
temperature the laser was equipped with a Peltier element and
a thermoresistive temperature sensor. Fig. 2 shows the corres-
ponding emission characteristics as a function of current and
temperature. For a temperature around 25 °C and current in
the range of 36–45 mA, the DFB-QCL enables mode-hop-free
spectral tuning from 3.367 µm to 3.370 µm. Furthermore, the
Fig. 1 Absorbance spectrum of methane (100 ppmv) at ambient con-
ditions and the zoomed area relative to the region 3.363–3.370 µm.
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device exhibits wavelength tuning rates of 0.152 nm mA−1
and approx. 0.3 nm °C−1.20 The slope efficiency is approx.
0.41 mW mA−1, and the maximum optical output power
equals 4.8 mW.
Substrate-integrated hollow waveguide
Substrate-integrated hollow waveguides (iHWG) are a new
generation of hollow waveguides recently introduced by the
research team of Mizaikoff and collaborators.18,23–28 Compact
dimensions (here, 75 × 25 × 12 mm), tailorability in optical
(i.e., hollow waveguide channel) design, flexibility in the sub-
strate material, and minimal volume of gas sample required
for analysis (few hundred microliters) resulting in particularly
short sample transient times evidence the main advantages
of iHWGs next to their robustness and cost-effectiveness.
Here, a gold-coated brass (CuZnx) iHWG (Fig. 3) providing
an integrated hollow waveguide channel length of 7.5 cm
was used.
Experimental setup
The experimental sensor setup for methane analysis is sche-
matically shown in Fig. 4. A DFB-ICL (Nanoplus GmbH)
mounted on a TO66 header operated in CW-mode emitting
single-mode MIR radiation centered at 3.366 µm was used as
the light source (A). The TO66 header was enclosed in a 5 cm3
heat sink assembly combined with a thermoelectric cooler
driver unit (B). The laser injection current control was enabled
via an appropriate laser driver (C). A waveform generator pro-
vided a triangular ramp at 200 Hz (D). The laser temperature
was kept constant during the measurement, and wavelength
tuning was realized via direct modulation of the injection
current. The laser was collimated via gold-coated off-axis para-
bolic mirrors (E) with a focal length of ƒ(L) = 50.8 mm (2″),
and focused into the waveguide channel of the iHWG
(nominal optical path: 7.5 cm, waveguide/gas cell channel
dimensions: 2 × 2 mm) (F). The exiting laser beam was again
collimated via an off-axis parabolic mirror, and focused onto a
liquid nitrogen cooled mercury–cadmium–telluride (MCT)
detector (Infrared Associates, USA) (H) connected to a lock-in
amplifier (I). A gas mixing system (GMS, developed in collabor-
ation with LLNL-Lawrence Livermore National Laboratory,
Livermore, USA) (G) provides the carrier gas (N2) and the
methane samples during the measurements.
Spectra were collected using an oscilloscope. The 200 Hz
saw-tooth-wave with an offset of 1.2 V and a peak-to-peak
amplitude of 2 V was sent to the ramp input of the ICL driver
system, thereby resulting in an ICL current scan from
36.0–44.0 mA. This current range – as previously mentioned –
corresponds to a wavelength coverage from 3.367–3.370 µm.
Synchronously, the spectral data from the MCT-detector is
recorded at a sampling rate of 10 kS s−1.
Fig. 2 Tuning of the DFB-ICL emission wavelength as a function of the
applied current and temperature.
Fig. 3 Optical image of the gold coated brass (CuZnx) iHWG. The wave-
guiding channel propagating photons is sealed with MIR-transparent
BaF2 windows (not visible), and gas samples are simultaneously flown
through the iHWG channel via the gas in/out ports providing access
through the top substrate of the channel.
Fig. 4 Experimental sensor setup. (A) DFB-ICL laser, (B) temperature
controller, (C) laser controller, (D) function generator, (E) gold-coated
off-axis parabolic mirrors, (F) gold-coated brass iHWG, (G) gas mixing
system (GMS), (H) MCT-detector, (I) lock-in amplifier, and (J) computer
for data analysis.
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Results and discussion
Selection of the optimum target absorption line is a key aspect
in MIR gas phase sensing. The methane line located between
3.367 and 3.370 µm, which is free from interferences with
other atmospheric constituents was therefore ideally suited
providing an intensity of approx. 2.0 × 10−18 cm per
molecule.21
A typical sensor signal for methane (exemplarily 2000 ppmv
in nitrogen) and a corresponding background signal (N2) are
depicted in Fig. 5. Prior to any methane measurement, the
sensor was purged with pure nitrogen for 5 min at a flow rate
of 200 mL min−1 ensuring that any residual methane is
removed from the tubing; in addition, the iHWG was purged
for 3 min. Here, it is noteworthy that iHWG before purging
provided a peak-to-peak signal around 1.8–1.9 V, which
increased to 2 V after purging. Hence, 90–95% of optical power
was collected at the distal output of the iHWG.
The methane spectrum was obtained using a three-step
algorithm. In the first step, 200 spectral sweeps were averaged,
and the absorption peak was obtained by calculating the
absorbance using the following equation:
A ¼ logðI  offset=I0  offsetÞ ð1Þ
where A represents the absorbance, I is the intensity, I0 is the
reference, and offset is the signal intensity once the laser was
turned off (i.e., blank signal). In the second step, the sloping
baseline of the spectral scan was using a 2nd derivative with
adjacent-averaging smoothing. Finally, a Voigt line shape was
fitted to the absorption peaks, and the third peak fitted
(singlet) was used to establish analytical calibration functions
(OriginPro 2015 software package; OriginLab Corporation,
USA).
The Voigt fit is a peak fitting technique that involves a com-
bination of Fourier spectral and profile modeling. This tech-
nique can be applied for UV spectral analysis, for
chromatograms, and for infrared spectra recorded via Fourier
transform infrared (FT-IR) spectroscopy. For IR spectra, it is
evident that a Voigt fit is superior to a Gauss or Lorentz
profile, and leads to a more accurate and descriptive peak facil-
itating quantification.29
Fig. 6 shows the resulting absorbance spectra of methane at
different concentrations (in N2), and the analytical calibration
function for the investigated concentration range. The position
of the absorption lines and the obtained line widths are in
excellent agreement with the corresponding calculated spectra
derived via the HITRAN database (i.e., amplitude ratio of the
lines shows a max 8–15% variance when compared to the
HITRAN spectrum).
An analytical calibration function based on the evaluation
of the peak height after Voigt fit vs. the CH4 concentrations
was established for quantitative data evaluation. For each con-
centration, twelve measurements were performed, and each
spectrum was calculated as the average of two sets of six
measurements. Table 1 summarizes the analytical figures-of-
merit obtained with the iHWG sensor. The developed method
revealed excellent linearity over the concentration range of
100–2000 ppmv for CH4 (r
2 = 0.9999). The limit of detection
(LoD) considered as three times the standard deviation of the
Fig. 5 Interference-free absorption line of CH4 in the range
3.367–3.370 µm vs. background (N2).
Fig. 6 (a) Exemplary absorbance spectra of methane (100–2000 ppmv);
(b) calibration function for methane (100–2000 ppmv).
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blank signal, was determined as 38 ppmv with a standard devi-
ation of 0.7 ppmv.
The robustness of the ICL-iHWG methane sensor was inves-
tigated by applying the Allan variance (a.k.a., Allan–Werle
variance), i.e., a metric nowadays commonly used to quantify
precision and stability of laser-based analyzers.30,31 Fig. 7
shows the Allan variance graph obtained from the continuous
measurements of methane gas at 500 ppmv over extended
periods of time.
The first data point indicates a precision level of approx.
0.62 ppbv. The corresponding Allan analysis revealed that the
sensor facilitates an averaging time of up to 256 s, with a
corresponding optimum precision for CH4 at approx. 0.062
ppbv after 4 min of signal averaging. The slope of the solid fit
line gives the theoretical behavior (i.e., expected 1/τ) for a
system dominated by white noise. For integration periods
smaller than τoptimum, the increase in integration time leads to
a decrease in variance, as anticipated by following the theore-
tical slope. However, the variance increase for extended inte-
gration times (i.e., beyond τoptimum), as any kind of
environmental parameter such as vibrations, temperature and
pressure changes, etc. will detrimentally affect the overall
system noise. The rather outstanding sensitivity and excep-
tional measurement precision illustrate the high performance
of the developed ICL-iHWG methane sensor system.
Hence, it is anticipated that even at in-field conditions and
with substantially more influencing parameters the system
stability and robustness enable accurate measurements at rele-
vant concentration levels.
Conclusions
In this study, we described the first combination of a new gene-
ration of hollow waveguides, i.e., substrate-integrated hollow
waveguides (iHWGs) with tunable interband cascade lasers
(ICLs) for sensing methane. Our results indicate that the
measurement precision of the sensor is 0.62 ppbv for a 1 s aver-
aging time, and can be maximized at 0.062 ppbv with a 250 s
integration time. The limit of detection for this device has been
determined at 38 ppmv, thereby rendering the sensor useful for
emission monitoring and process control applications.
Finally, it should be noted that the sensor developed in this
study is a prototype, and not yet fully optimized. In particular,
the optical path length for further decreasing the LoD, the
thermal (and thus temporal) stability of iHWG, as well as the
dependence on additional environmental factors such as rela-
tive humidity will be the subject of future investigations.
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